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Abstract
Over the past three decades, the bed bug Cimex lectularius has resurged as a prominent indoor pest on a global scale. Knockdown-associated insecticide
resistance (kdr) involving the voltage-gated sodium channel, targeted by organochlorine and pyrethroid insecticides, was �rst reported in C. lectularius within a
few years of the widespread use of Dichlorodiphenyltrichloroethane

(DDT) and has been implicated as a signi�cant factor contributing to the species recent resurgence. Since then, selection with pyrethroid insecticides has
intensi�ed, yet little is known regarding its short-term impacts on the frequency of kdr-associated mutations. Here, we report temporal changes in the
frequencies of three kdr-associated mutations in C. lectularius populations collected across the United States from two time periods, sampled approximately a
decade apart. Results reveal a signi�cant increase in the frequencies of kdr-associated mutations over this period, and absence of the insecticide-susceptible
genotype in recent collections. Furthermore, a signi�cant transition towards infestations possessing multiple kdr-associated mutations was observed. These
results suggest that the persistent use of pyrethroid insecticides over the past decade continues to impose strong selection pressure on C. lectularius
populations, driving the proliferation of kdr-associated mutations. They demonstrate that, if unabated, strong anthropogenic selection can drive the rapid
evolution of adaptive traits.

Introduction
Globally, urban areas are undergoing rapid expansion and are increasing in density (Homer et al. 2020), promoting the establishment and spread of urban-
adapted invasive species (Francis and Chadwick 2015; Reed et al. 2020). Within these anthropogenic environments, a myriad of selection pressures are
exerted on resident populations, often resulting in the rapid evolution of phenotypes and genotypes (Johnson and Munchi-South 2017; Beans 2019). Ranging
from the evolution of unique personality traits and morphologies, to genotypes that confer resistance to pesticides, many such adaptations have been shown
to be bene�cial, promoting population persistence and spread (Wada-Katsumate et al. 2013; Donihue and Lambert 2015; Winchell et al. 2016; Johnson and
Munshi-South 2017; Zalucki and Furlong 2017).

Some pest species share a long history of anthropogenic association (Aplin et al. 2011; Puckett et al. 2016; Potter 2018; Tang et al. 2019). They are readily
transported, inadvertently by humans, adapt well to the human-built environment, and are of public health, veterinary, and economic signi�cance (Brenner
1995; Corrigan 2011; Doggett et al. 2018; Hwang et al. 2018; Perron et al. 2018). As such, these pests have been the target of pest control using various
pesticide formulations (Rose 2001; Corrigan 2011; Potter 2011; Lee et al. 2018). The persistent use of pesticides exerts selection pressures that can drive the
evolution of a suite of resistance-conferring adaptive mechanisms, including mutations in receptor target sites that reduce sensitivity to certain pesticides [e.g.,
knockdown resistance (kdr)] (Davies et al. 2008; Dong et al. 2014).

One group of insecticides, the sodium channel modulators, which includes the organochlorides (e.g., dichloro-diphenyl trichloroethane [DDT]), pyrethrins, and
pyrethroids, alter the activity of para-type voltage-gated sodium channels (VGSCs), which are necessary for neuronal function. These insecticides maintain the
sodium channels in an activated state, preventing cellular repolarization, resulting in paralysis and death (Soderlund and Knipple 2003). Nonsynonymous
mutations within the VGSC gene have been identi�ed that reduce kdr-associated target-site sensitivity to these insecticides across a variety of arthropod pests
(Milani 1956; Martinez-Torres et al. 1998; Soderlund and Knipple 2003; Matowo et al. 2017). Despite being well-documented, temporal data on the distribution
and frequency of kdr-associated mutations are surprisingly lacking for urban pest species in general, with the exception of Anopheles and Aedes mosquitoes
(Mathias et al. 2011; Abdalla et al. 2014; Linss et al. 2014; Aguirre-Obando et al. 2016; Foster et al. 2016; Ismail et al. 2018; Amoudji et al. 2019; Biduda et al.
2019; Mandeng et al. 2019; Tancredi et al. 2020; Baltzegar et al. 2021) and house �ies (Freeman et al. 2019). The lack of understanding of the evolutionary
response of populations to the prolonged use of these insecticides may impede the continued development of effective control strategies over time.

The common bed bug, C. lectularius, is an obligate hematophagous ectoparasite, primarily of humans, that has re-emerged in recent decades to become a
prominent indoor pest on a near global scale. This resurgence has been aided by an increase in travel (Potter et al. 2010), exchange of secondhand furniture,
ineffective pest control, and the evolution of mechanisms conferring insecticide resistance (Boase 2001; Doggett et al. 2004; Romero et al. 2007; Reinhardt et
al. 2008; Zhu et al. 2010; Gordon et al. 2014). Within C. lectularius populations, various insecticide resistance mechanisms have evolved (Dang et al. 2017),
with kdr mutations particularly well documented. First reported shortly after the widespread implementation of DDT (Busvine 1958), kdr mutations have been
reported in populations around the globe Romero et al. 2007; Yoon et al. 2008; Seong et al. 2010; Tawatsin et al. 2011; Wang and Wen 2011; Durand et al.
2012; Tomita et al. 2012; Booth et al. 2015; Dang et al. 2015; Lilly et al. 2015, 2017; Palenchar et al. 2015; Raab et al. 2016; Balvin and Booth 2018; Holleman
et al. 2019; Cho et al. 2020; Vander Pan et al. 2020; Akhoundi et al. 2021). Nevertheless, organochlorides, pyrethroids, and pyrethrins, remain commonly used
insecticides on a global scale, and thus persist as selection pressures promoting kdr-associated mutations that confer resistance to these insecticides.

In C. lectularius, three nonsynonymous mutations in the VGSC-gene (V419L, L925I, and I936F) have been found to be associated with kdr resistance (Yoon et
al. 2008; Dang et al. 2015). The population frequency and geographic distribution of these mutations have been reported from a variety of locations, including
the U.S. (Yoon et al. 2008; Zhu et al. 2010; Raab et al. 2016; Holleman et al. 2018), Europe (Durand et al. 2012; Booth et al. 2015; Balvin and Booth 2016;
Vander Pan et al. 2020; Akhoundi et al. 2021), the Middle East (Palenchar et al. 2015), Asia (Seong et al. 2010; Tomita et al. 2012; Cho et al. 2020), and
Australia (Dang et al. 2015). However, we are unaware of any studies that assessed temporal changes in the frequencies of kdr-associated mutations at any
landscape level. Although it would be most instructive to track the frequency of kdr mutations over time within the same populations, this design is particularly
challenging with residential infestations due to their ephemerality and turnover of residents. Here, we report temporal changes in the frequency of the three kdr-
associated mutations from populations of C. lectularius collected across the United States at two time periods approximately 10-years apart. We hypothesized
that both the number of infestations exhibiting kdr-associated mutations, and the number of adaptive mutations per individual bed bug would increase over
time, due to selection imposed by the frequent and widespread use of pyrethrin and pyrethroid insecticides.
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Materials And Methods
Bed bugs were collected during two separate time periods: 30 August 2005 to 20 December 2009 (electronic supplementary material, Table S1), and 27 June
2018 to 27 December 2019 (electronic supplementary material, Table S2), representing 394 unique populations (161 in 2005‒2009 and 233 in 2018‒2019).
Collections spanned 38 U.S. states (Table 1, Fig. 1a) and were made by pest management companies (electronic supplementary material, Table S3). Upon
collection, specimens were preserved in 100% ethanol and stored at -20°C until DNA extraction. Genomic DNA was extracted using the Qiagen DNeasy Blood
and Tissue Kit (QIAGEN, Germantown, MD).
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Table 1
Distribution of Cimex lectularius populations by

state for each sampling period.
State 2005–2009 2018–2019

Alabama 1 -

Alaska - 3

Arizona 1 -

Arkansas 2 -

California 7 27

Colorado 3 -

Florida 13 10

Georgia 2 2

Hawaii 1 -

Idaho - 1

Illinois 3 79

Indiana 5 4

Iowa 5 -

Kansas 1 5

Kentucky 3 -

Louisiana 1 -

Maine 1 -

Maryland 4 -

Massachusetts 2 -

Michigan 3 -

Minnesota 1 -

Missouri 1 4

New Jersey 12 20

New York 3 1

Nebraska 3 -

Nevada 5 -

North Carolina 16 -

Ohio 20 33

Oklahoma 3 9

Oregon 4 15

Pennsylvania 17 5

South Carolina 1 -

Tennessee - 1

Texas 4 13

Utah 3 -

Virginia 5 -

Washington 3 -

Wisconsin 2 1

Total 161 233

Due to the highly inbred nature of C. lectularius populations (Booth et al. 2012, 2018; Saenz et al. 2012), which results from population foundation by a single
gravid female or small group of highly related individuals, the genetic diversity and hence kdr-associated mutation pro�le of a given population can be
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determined through the sequencing of a single individual. Therefore, each population is represented here by a single specimen. Two genomic fragments that
contain the three kdr-associated mutations were PCR-ampli�ed and sequenced using primer combinations BBParaF1/BBParaR1 (V419L) and
BBParaF3/BBParaR3 (L925I, I936F), following the methods of Holleman et al. (2018). The resulting chromatograms were visualized and scored using CLC
Genomics Workbench (QIAGEN). Knockdown resistance genotype designations are reported as follows: wild type (pyrethroid-susceptible in the absence of
other resistance mechanisms; L925, V419, I936), L925I (mutant L925I [leucine (L) replaced by isoleucine (I)], wild type V419&I936), L925I&V419L (mutations in
regions L925I and V419L [valine (V) replaced by leucine (L)], wild type I936), L925I&I936F (mutations in both L925I and I936F [isoleucine (I) replaced by
phenylalanine (F)], wild type V419), and I936F (mutant I936F, wild type L925&V419). The V419L (wild type L925, I936, mutant V419L) genotype was not
detected in any population screened. Where the mutations are heterozygous, these are reported with a superscript “het”.

Genotype frequencies were compared using Chi-square tests. Additionally, the overall homozygous genotype frequencies of populations present in the same
U.S. states across both sample periods were compared.

Results
Only samples with unambiguous sequences for both PCR fragments were analyzed in this study. Of the 161 populations sampled between 2005 and 2009,
genotypes L925I and L925I&V419L accounted for 36% and 50% of the populations, respectively (Table 2 and Fig. 1a). The wild type (‘susceptible’) genotype
was found in 2.5% of the populations. Approximately 10% of samples screened were found to be L925I&V419Lhet, while the I936F, L925Ihet&I936Fhet, and
I936Fhet genotypes each comprised < 0.1% of the remaining infestations (Table 2 and Fig. 1a). In contrast, genotype L925I&V419L predominated in samples
collected between 2018 and 2019, accounting for 84% of the populations, while genotypes L925I (~ 5%), L925Ihet (~ 1%), L925I&V419Lhet (~ 9%), and
L925Ihet&V419L (~ 1%) comprised the remaining populations (Table 2 and Fig. 1a). The wild type and I936F genotypes were not detected in the 2018‒2019
populations.

Table 2
Frequency of kdr-associated genotypes reported in Cimex lectularius populations sampled in the United States sampled between 2005–2009 and 2018–2

Sample
periods

No. of
States

No.
of
pops.

No. of
individuals

kdr genotypes

Wild
type

L925I L925Ihet L925I&V419L L925I&V419Lhet L925Ihet&V419L I936F I936Fhet L

I

2005–
2009

35 161 161 4
(0.02)

57
(0.35)

1
(0.006)

81 (0.50) 16 (0.10) 0 (0.00) 1
(0.006)

1
(0.006)

1

2018–
2019

18 233 233 0
(0.00)
[5.85]*

12
(0.05)
[60.32]**

2 (0.01)
[0.07]

194 (0.84)
[49.04]**

22 (0.09) [0.03] 3 (0.01) [2.09] 0
(0.00)
[1.45]

0 (0.00)
[1.45]

0
[

For each genotype, the number of observations is reported. Parentheses indicate the frequency of each genotype and the brackets report the χ2 statistic where
= 394)=[χ2 stat], p > 0.05 or *p < 0.05, **p < 0.001.

Temporally, there were signi�cant differences in the frequencies of all homozygous [wild type, p < 0.05; L925I, p < 0.001; L925I&V419L, p < 0.001), but not the
heterozygous genotypes and I936F, likely due to their low frequency across datasets (Table 2). Comparisons conducted using only populations sampled in the
same U.S. states in both timeframes again revealed signi�cant differences in the frequencies of all homozygous genotypes (electronic supplementary
material, Table S4).

Discussion
By surveying 394 distinct populations of C. lectularius across the U.S., collected from two time-periods separated by approximately a decade, this study
represents the most comprehensive screening to date of kdr-associated mutation frequencies for the species. To our knowledge, this is also the �rst temporal
comparison of kdr mutation frequencies in any urban pest insect in the U.S., outside of house �ies collected from animal production facilities (Freeman et al.
2019) and mosquitoes (Mathias et al. 2011; Abdalla et al. 2014; Linss et al. 2014; Aguirre-Obando et al. 2016; Foster et al. 2016; Ismail et al. 2018; Amoudji et
al. 2019; Biduda et al. 2019; Mandeng et al. 2019; Tancredi et al. 2020; Baltzegar et al. 2021). Comparing our homozygous populations from 2005–2009 (N = 
143) to those of Zhu et al. (2010) [N = 93] revealed signi�cant differences in kdr genotype frequencies (wild type: χ2(1, n = 236) = 9.11, p < 0.05; L925I: χ2(1, n = 
236) = 0.45, p > 0.05; L925I&V419L: χ2(1, n = 236) = 7.25, p < 0.05; V419L: χ2(1, n = 236) = 4.67, p < 0.05), supporting the lower baseline frequency of kdr
mutations present in the U.S. in 2006–2007 (Zhu et al. 2010), and a reduction in wild type and increase in L925I&V419L by 2008–2009 when the majority of
our data were collected. Prior to our study, the most recent study conducted in the U.S. reported kdr genotype frequencies for populations collected across
Midwestern states between 2014 and 2015 (Holleman et al. 2018), with the frequencies of L925I (~ 21%) and L925I&V419L (~ 76%) intermediate between the
data sets presented here (Fig. 1b), as expected for a shift towards increased resistance. Thus, our results, when viewed together with those of Zhu et al. (2010)
and Holleman et al (2018), reveal a signi�cant increase in the frequency of kdr mutations over approximately a decade, with a shift towards multiple kdr
mutations per population (Fig. 1b). This is likely in response to persistent selection driven by the long-term use of pyrethroid insecticides.

Prior bioassay-based research in C. lectularius has linked genotypes L925I and L925I&V419L to increased levels of pyrethroid resistance (Zhu et al. 2010),
including > 12,765-fold deltamethrin resistance (Romero et al. 2007), when compared to a susceptible wild type population. Furthermore, the presence of
multiple kdr mutations has been associated with elevated levels of pyrethroid resistance in other pest insects (Soderlund 2008; Abdalla et al. 2014). Thus, we
presume that a higher proportion of the bed bugs collected in 2018–2019 would exhibit greater resistance to pyrethroids than those collected a decade earlier.
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Comparable �ndings of temporal change in kdr mutations have been reported in mosquito populations exposed to the prolonged use of insecticides.
Congruent with the results presented here, several long-term studies (> 10 years) showed an increase in kdr mutation frequencies in populations of Anopheles
gambiae (Mathias et al. 2011) and Aedes aegypti (Linns et al. 2014; Baltzegar et al. 2021), from different geographic regions. Recently, Baltzegar et al (2021),
documented the complete replacement of the wild type pyrethroid-susceptible genotype, with either single or double kdr-mutants in Ae. Aegypti mosquitos
sampled in Peru, with the replacement occurring over a period of 13 years following the introduction of a city-wide pyrethroid insecticide control strategy.
Similarly, the malaria vector, An. arabiensis, was shown to respond to strong selection for deltamethrin resistance over four years, which was correlated with
the L1014F kdr mutation (Ismail et al. 2018). Verhaeghen et al. (2010) documented a �ve-year increase in kdr mutations in An. gambiae from multiple
geographic locations, and similar region-speci�c �uctuations in kdr mutation frequencies have been shown in Ae. albopictus at multiple time intervals
(Tancredi et al. 2020). A signi�cant increase was also reported for the 1b resistance allele in house �ies collected over a 10-year period from animal production
facilities across �ve U.S. States (Freeman et al. 2019). While these studies span different regional pest management practices, the trend of increasing kdr
mutation frequencies is consistent. However, a unique characteristic of C. lectularius is the high level of intra-population inbreeding, and an apparent lack of
signi�cant levels of gene �ow (Booth et al. 2012, 2015, 2018; Saenz et al. 2012; Fountain et al. 2014). As a result, resistance alleles rapidly propagate and are
then spread in a �xed-state through propagule transfer. While there is still uncertainty surrounding the �tness costs of resistance in C. lectularius (Polanco et
al. 2011; Gordon et al. 2015), the frequency and distribution of kdr mutations and the prevalence of the species suggests this may be minimal.

The zygosity of kdr mutations and its impact on insecticide resistance adds additional complexity. For example, in the house �y, Musca domestica, mutations
exhibit a recessive pattern of inheritance (Rinkevich et al. 2012). In contrast, polygenic modes of inheritance have been documented in the codling moth, Cydia
pomonella (Bouviet et al. 2001), with both recessive and incomplete dominance described. Unlike Zhu et al. (2010), this study reports the zygosity of the kdr-
associated mutations detected. This information may be relevant for control, for while the level of resistance exhibited by C. lectularius heterozygous for a
given mutation is unclear, it has been suggested that heterozygotes may show incomplete dominance (Romero et al. 2007). Heterozygotes may therefore
exhibit intermediate levels of resistance between wild type and homozygous mutants, although this has yet to be con�rmed. If kdr exhibits incomplete
dominance in C. lectularius, heterozygotes would be expected in areas undergoing genotype replacement from wild type to resistant, either through population
spread or continued pyrethroid applications. However, bed bugs heterozygous for kdr mutations would also be expected to succumb to control more rapidly
than homozygous mutant individuals. In both time periods sampled, L925I&V419Fhet was the most common heterozygous genotype observed, representing
89% (2005–2009) and 78% (2018–2019) of the heterozygous individuals. Given the short generation time of C. lectularius, high fecundity, and lack of obvious
inbreeding depression (Fountain et al. 2014), the transition within a population to the double homozygous mutant (L925I&V419L) would be expected to occur
rapidly following selection by insecticide treatment.

In summary, the signi�cant temporal shift towards increased frequencies of kdr mutations reveals how anthropogenic selection can in�uence the evolution of
a species of public health, veterinary, and economic signi�cance, and suggests that indoor pest insects may represent ideal model systems to study the
effects of anthropogenic in�uences on the evolution of urban species. Furthermore, these �ndings are practically signi�cant in the development of
management strategies for the control of C. lectularius populations and those of other urban and indoor pest species commonly controlled with pesticides.

Declarations

Acknowledgements
We thank all pest control companies for providing samples (electronic supplementary material, Table 3) and Rick Santangelo for the management of the
2005-2009 samples. 

Funding
Funding was provided by competitive grants from USDA-NIFA (AFRI 2008-35302- 04565), NSF (DEB-1754394), Oklahoma Center for the Advancement of
Science and Technology (HR13-211 and HR20-142), the National Pest Management Foundation, the Blanton J. Whitmire endowment at North Carolina State
University, the Urban Entomology Endowment at Texas A&M University, and student research grants awarded by The University of Tulsa.

Con�icts of Interest
The authors declare no con�icts of interest

Availability of Data and Material
Data supporting the results can be found in the Online Supplementary Material.

Code Availability
Not applicable

Authors’ contributions



Page 7/10

CDL, WB, BAL, ELV, and CS designed the experiment. CDL and WB collected and analyzed the data. All authors contributed to the writing of the manuscript and
gave �nal approval for publication.

References
1. Abdalla H, Wilding CS, Nardini L, Pignatelli P, Koekemoer LL, Ranson H. Coetzee M (2014) Insecticide resistance in Anopheles arabiensis in Sudan:

temporal trends and underlying mechanisms. Parasit Vectors 7:123

2. Aguirre-Obando OA, Pietrobon AJ, Dalla Bona AC, Navarro-Silva MA (2016) Contrasting patterns of insecticide resistance and knockdown resistance (kdr)
in Aedes aegypti populations from Jacarezinho (Brazil) after a Dengue outbreak. Med Vet Entomol 60:94–100

3. Akhoundi M, Chebbah D, Sereno D, Marteau A, Jan J, Bruel C, Elissa N, Izri A (2021) Widespread mutations in voltage-gated sodium channel gene of
Cimex lectularius (Hemiptera: Cimicidae) population in Paris. Int J Environ Res Public Health 18:407

4. Amoudji AD, Ahadji-Dabla KM, Hien AS, Apétogbo YG, Yaméogo B, Soma DD, Bamogo R, Atcha-Oubou RT, Dabiré RK, Ketoh GK (2019) Insecticide
resistance progiles of Anopheles gambiae s.l. in Togo and genetic mechanisms involved, during 3-year survey: is there any need for resistance
management? Malar J 18:117

5. Aplin KP, Suzuki H, Chinen AA, Chesser RT, ten Have J, Donnellan SC, Austin J, Frost A, Gonzalez JP, Herbreteau V et al (2011) Multiple geographic origins
of commensalism and complex dispersal history of black rats. PLoS ONE 6:e26357

�. Balvin O, Booth W (2018) Distribution and frequency of pyrethroid resistance-associated mutations in host lineages of the bed bug (Hemiptera: Cimicidae)
across Europe. J Med Entomol 55:923–928

7. Baltzegar J, Vella M, Gunning C, Vasquez G, Astete H, Stell F, Scott TW, Lenhart A, Lloyd AL, Morrison A, Gould F (2021) Rapid evolution of knockdown
resistance haplotypes in response to pyrethroid selection in Aedes aegypti. Evol. Appl. https://doi.org/10.1111/eva.13269

�. Beans C (2019) Cities serve as testbeds for evolutionary change. Proc. Natl. Acad. Sci. U.S.A. 116:2787–2790

9. Biduda S, Lin C, Saleh F, Konradsen F, Hansson H, Schiøler KL, Alifrangis M (2019) Temporal pattern of mutations in the knockdown resistance (kdr) gene
of Aedes aegypti mosquitoes sampled from southern Taiwan. Am J Trop Med Hyg 101:973–975

10. Boase C (2001) Bedbugs—back from the brink. Pestic. Outlook. August:159–162

11. Booth W, Schal C, Vargo EL (2018) Population Genetics. In: Doggett SL, Miller DM, Lee C-Y (eds) Advances in the Biology and Management of Modern Bed
Bugs. John Wiley & Sons Ltd. Oxford, UK, pp 173–182

12. Booth W, Saenz VL, Santangelo RG, Wang C, Schal C, Vargo EL (2012) Molecular markers reveal infestation dynamics of the bed bug (Hemiptera:
Cimicidae) within apartment buildings. J Med Entomol 49:535–546

13. Booth W, Balvin O, Vargo EL, Vilimova J, Schal C (2015) Host association drive genetic divergence in the bed bug, Cimex lectularius. Mol Ecol 24:980–992

14. Bouvier J, Bues R, Boivin T, Boudinhon L, Beslay D, Sauphanor B (2001) Deltamethrin resistance in codling moth (Lepidoptera: Tortricidae): inheritance
and number of genes involved. Heredity 87:456–462

15. Brenner RJ (1995) Economics and medical importance of German cockroaches. In: Rust MK, Owens JM, Reierson DA (eds) Understanding and Controlling
the German Cockroach. Oxford University Press, Oxford, pp 77–92

1�. Busvine JR (1958) Insecticide-resistance in bed-bugs. Bull World Health Organ 19:1041–1052

17. Cho S, Kim H, Chong S, Klein TA, Kwon DH, Lee SH, Kim JH (2020) Monitoring of pyrethroid resistance allele frequency in the common bed bug (Cimex
lectularius) in the Republic of Korea. Korean J Parasitol 58:99–102

1�. Corrigan RM (2011) Rats and mice, In: Hedges SA (ed) The Mallis Handbook of Pest Control, 10th edition. The Mallis Handbook and Technical Training
Co., Cleveland, OH, USA. pp. 11–48

19. Davies TGE, O’Reilly AO, Field LM, Wallace BA, Williamson MS (2008) Knockdown resistance to DDT and pyrethroids: from target-site mutations to
molecular modelling. Pest Manag Sci 64:1126–1130

20. Dang K, Toi CS, Lilly DG, Bu W, Doggett SL (2015) Detection of knockdown resistance mutations in the common bed bug, Cimex lectularius (Hemiptera:
Cimicidae), in Australia. Pest Manag. Sci. 71:914–922

21. Dang K, Doggett SL, Veera Singham G, Lee C-Y (2017) Insecticide resistance and resistance mechanisms in bed bugs, Cimex spp. (Hemiptera: Cimicidae).
Parasit Vectors 10:1–31

22. Doggett SL, Geary MJ, Russell RC (2004) The resurgence of bed bugs in Australia, with notes on their ecology and control. Environ Health 4:30–38

23. Doggett SL, Miller DM, Vail K, Wilson MS (2018) Fiscal Impacts. In: Doggett SL, Miller DM, Lee C-Y (eds) Advances in the Biology and Management of
Modern Bed Bugs. John Wiley & Sons Ltd. Oxford, UK, pp 139–146

24. Donihue CM, Lambert MR (2015) Adaptive evolution in urban ecosystems. AMBIO 44:194–203

25. Dong K, Du Y, Rinkevich F, Nomura Y, Xu P, Wang L, Silver K, Zhorov BS (2014) Molecular biology of insect sodium channels and pyrethroid resistance.
Insect Biochem Mol Biol 50:1–17

2�. Durand R, Cannet A, Berdjane Z, Bruel C, Haouchine D, Delaunay P, Izri A (2012) Infestation by pyrethroids resistant bed bugs in the suburb of Paris. France
Parasite 19:381–387

27. Foster GM, Coleman M, Thomsen E, Ranson H, Yangalbé-Kalnone E, Moundai T, Kodindo ID, Nakebang A, Mahamat A, Peka M et al (2016) Spatial and
temporal trends in insecticide resistance among malaria vectors in Chad highlight the importance of continual monitoring. PLoS ONE 11:e0155746

2�. Fountain T, Butlin RK, Reinhardt K, Otti O (2014) Outbreeding effects in an inbreeding insect, Cimex lectularius. Ecol Evol 5:409–418

29. Francis RA, Chadwick MA (2015) Urban invasions: non-native and invasive species in cities. Geography 100:144–151



Page 8/10

30. Freeman JC, Ross DH, Scott JG (2019) Insecticide resistance monitoring of house �y populations from the United States. Pestic Biochem Physiol
158:61–68

31. Gordon JR, Goodman MH, Potter MF, Haynes KF (2014) Population variation in and selection for resistance to pyrethroid-neonicotinoid insecticides in the
bed bug. Sci Rep 4:3836

32. Gordon JR, Potter MF, Haynes KF (2015) Insecticide resistance in the bed bug comes with a cost. Sci Rep 5:10807

33. Holleman JG, Robison GA, Bellovich IJ, Booth W (2019) Knockdown resistance-associated mutations dominate populations of the common bed bug
(Hemiptera: Cimicidae) across the south-central United States. J Med Entomol 56:1678–1683

34. Homer C, Dewitz J, Jin S, Xian G, Costello C, Danielson P, Gass L, Funk M, Wickham J, Stehman S et al (2020) Conterminous United States land cover
change patterns 2001–2006 from the 2016 National Land Cover Database. ISPRS J. Photogramm. Remote Sens. 162:184–199

35. Hwang SJE, Doggett SL, Fernandez-Penas P (2018) Dermatology and Immunology. In: Doggett SL, Miller DM, Lee C-Y (eds) Advances in the Biology and
Management of Modern Bed Bugs. John Wiley & Sons Ltd., Oxford, pp 107–114

3�. Ismail BA, Kafy HT, Sulieman JE, Subramaniam K, Thomas B, Mnzava A, Kassim NFA, Ahmad AH, Knox TB, Kleinschmidt I et al (2018) Temporal and
spatial trends in insecticide resistance in Anopheles arabiensis in Sudan: outcomes from an evaluation of implications of insecticide resistance for
malaria vector control. Parasit Vectors 11:122

37. Johnson MTJ, Munshi-South J (2017) Evolution of life in urban environments. Science 358:1–11

3�. Lee C-Y, Miller DM, Doggett SL (2018) Chemical control. In: Doggett SL, Miller DM, Lee C-Y (eds) Advances in the Biology and Management of Modern Bed
Bugs. John Wiley & Sons Ltd., Oxford, pp 285–305

39. Linss JGB, Brito LP, Garcia GA, Araki AS, Bruno RV, Lima JBP, Valle D, Martins AJ (2014) Distribution and dissemination of the Val1016Ile and Phe1534Cys
kdr mutations in Aedes aegypti Brazilian natural populations. Parasit Vectors 7:25

40. Lilly DG, Zalucki MP, Orton CJ, Russell RC, Webb CE, Doggett SL (2015) Con�rmation of insecticide resistance in Cimex lectularius Linnaeus (Hemiptera:
Cimicidae) in Australia. Austral Entomol 54:96–99

41. Lilly DG, Dang K, Webb CE, Doggett SL (2017) Are Australian �eld-collected strains of Cimex lectularius and Cimex hemipterus (Hemiptera: Cimicidae)
resistant to deltamethrin and imidacloprid as revealed by topical assay? Austral Entomol 57:77–84

42. Mandeng SE, Awono-Ambene HP, Bigoga JD, Ekoko WE, Binyang J, Piameu M, Mbakop LR, Fesuh BN, Mvondo N, Tabue R et al (2019) Spatial and
temporal development of deltamethrin resistance in malaria vectors of the Anopheles gambiae complex from North Cameroon. PLoS ONE 14:e0212024

43. Martinez-Torres D, Chandre F, Williamson MS, Darriet F, Bergé JB, Devonshire AL, Guillet P, Pasteur N, Pauron D (1998) Molecular characterization of
pyrethroid knockdown resistance (kdr) in the major malaria vector Anopheles gambiae s.s. Insect Mol. Biol. 7:179–184

44. Mathias DK, Ochomo E, Atieli F, Ombok M, Bayoh MN, Olang G, Muhia D, Kamau L, Vulule JM, Hamel MJ et al (2011) Spatial and temporal variation in the
kdr allele L1014S in Anopheles gambiae s.s. and phenotypic variability in susceptibility to insecticides in Western Kenya. Malar J 10:10

45. Matowo NS, Munhenga G, Tanner M, Coetzee M, Feringa WF, Ngowo HS, Koekemoer LL, Okumu FO (2017) Fine-scale spatial and temporal heterogeneities
in insecticide resistance pro�les of the malaria vector, Anopheles arabiensis, in rural south-eastern Tanzania. Wellcome Open Res 2:96

4�. Milani R (1956) Comportamento mendeliano della resistenza alla zaione abbattente del DDT e correlazione tra abbattimento e mortalità in Musca
domestica L. Rend Ist Sup Sanit 19:1107–1143

47. Palenchar DJ, Gellatly KJ, Yoon KS, Mumcuoglu KY, Shalom U, Clark JM (2015) Quantitative sequencing for the determination of kdr-type resistance allele
(V419L, L925I, I936F) frequencies in common bed bug (Hemiptera: Cimicidae) populations collected from Israel. J Med Entomol 52:1018–1027

4�. Perron S, Hamelin G, Kaiser D (2018) Mental Health Impacts. In: Doggett SL, Miller DM, Lee C-Y (eds) Advances in the Biology and Management of
Modern Bed Bugs. John Wiley & Sons Ltd. Oxford, UK, pp 127–131

49. Polanco AM, Brewster CC, Mille DM (2011) Population growth potential of the bed bug, Cimex lectularius L.: a life table analysis. Insects 2:173–185

50. Potter MF, Rosenberg B, Henriksen M (2010) Bugs without borders: de�ning the global bed bug resurgence. Pestworld. Sept./Oct:8–20

51. Potter MF (2011) The history of bed bug management—with lessons from the past. Am Entomol 57:14–25

52. Potter MF (2018) Bed bugs through history. In: Doggett SL, Miller DM, Lee C-Y (eds) Advances in the Biology and Management of Modern Bed Bugs. John
Wiley & Sons Ltd. Oxford, UK, pp 9–23

53. Puckett EE, Park J, Combs M, Blum MJ, Bryant JE, Caccone A, Costa F, Deinum EE, Esther A, Himsworth CG et al (2016) Global population divergence and
admixture of the brown rat (Rattus norvegicus). Proc. R. Soc. Lond. [Biol] 283:1841

54. Raab RW, Moore JE, Vargo EL, Rose L, Raab J, Culbreth M, Burzumato G, Koyee A, McCarthy B, Raffaele J et al (2016) New introductions, spread of
existing matrilines, and high rates of pyrethroid resistance result in chronic infestations of bed bugs (Cimex lectularius L.) in lower-income housing. PLoS
ONE 11:e0117805

55. Reed EMX, Serr ME, Maurer AS, Burford Reiskind MO (2020) Gridlock and beltways: the genetic context of urban invasions. Oecol 192:615–628

5�. Reinhardt K, Harder A, Holland S, Hooper J, Leake-Lyall C (2008) Who knows the bed bug? Knowledge of adult bed bug appearance increases with
people’s age in three counties of Great Britain. J Med Entomol 45:956–958

57. Rinkevich FD, Hedtke SM, Leichter CA, Harris SA, Su C, Brady SG, Taskin V, Qui X, Scott JG (2012) Multiple origins of kdr-type resistance in the house �y,
Musca domestica. PLoS ONE 7:e52761

5�. Romero A, Potter MF, Potter DA, Haynes KF (2007) Insecticide resistance in the bed bug: a factor in the pest’s sudden resurgence? J Med Entomol 44:175–
178

59. Rose RI (2001) Pesticides and public health: integrated methods of mosquito management. Emerg Infect Diseases 7:17–23



Page 9/10

�0. Saenz VL, Booth W, Schal C, Vargo EL (2012) Genetic analysis of bed bug populations reveals small propagule size within individual infestations but high
genetic diversity across infestations from the eastern United States. J Med Entomol 49:865–875

�1. Seong KM, Lee D-Y, Yoon KS, Kwon DH, Kim HC, Klein YA, Clark JM, Lee SH (2010) Establishment of quantitative sequencing and �lter contact vial
bioassay for monitoring pyrethroid resistance in the common bed bug. Cimex lectularius J Med Entomol 47:592–599

�2. Soderlund DM (2008) Pyrethroids, knockdown resistance and sodium channels. Pest Manag Sci 64:610–616

�3. Soderlund SM, Knipple DC (2003) The molecular biology of knockdown resistance to pyrethroid insecticides. Insect Biochem Mol Biol 33:563–577

�4. Tang Q, Bourguignon T, Willenmse L, De Coninck E, Evans T (2019) Global spread of the German cockroach, Blattella germanica. Biol Invasions 21:693–
707

�5. Tancredi A, Papandrea D, Marconcini M, Carballar-Lejarazu R, Casas-Martinez M, Lo E, Chen X, Malacrida AR, Bonizzoni M (2020) Tracing temporal and
geographic distribution of resistance to pyrethroids in the arboviral vector Aedes albopictus. PLoS Negl Trop Dis 14:e0008350

��. Tawatsin A, Thavara U, Chompoosri J, Phusup Y, Jonjang N, Khumsawads C, Bhakdeenuan P, Sawanpanyalert P, Asavadachanukorn P, Mulla MS et al
(2011) Insecticide resistance in bedbugs in Thailand and laboratory evaluation of insecticides for the control of Cimex hemipterus and Cimex lectularius
(Hemiptera: Cimicidae). J Med Entomol 48:1023–1030

�7. Tomita T, Komagata O, Kasai S, Itokawa K, Watanabe M, Yaguchi N, Adachi M, Yoshida M, Kimura G, Kobayashi M (2012) Nationwide survey on
pyrethroid-susceptibility of the bed bug, Cimex lectularius. Jpn Soc Med Entomol Zool 63:85

��. Vander Pan A, Kuhn C, Schmolz E, von Samson-Himmelstjerna G, Krücken J (2020) Detection of target-site and metabolic resistance to pyrethroids in the
bed bug Cimex lectularius in Berlin. Germany Int J Parasitol Drugs Drug Resist 14:274–283

�9. Verhaeghen K, Bortel WV, Roelants P, Okello PE, Talisuna A, Coosemans M (2010) Spatio-temporal patterns in kdr frequency in permethrin and DDT
resistant Anopheles gambiae s.s. from Uganda. Am J Trop Med Hyg 82:566–573

70. Wada-Katsumata A, Silverman J, Schal C (2013) Changes in taste neurons support the emergence of an adaptive behavior in cockroaches. Science
340:972–975

71. Wang C, Wen X (2011) Bed bug infestations and control practices in China: implications for �ghting the global bed bug resurgence. Insects 2:83–95

72. Winchell KM, Reynolds RG, Prado-Irwin SR, Puente-Rolón AR, Revell LJ (2016) Phenotypic shifts in urban areas in the tropical lizard Anolis cristatellus.
Evolution 70:1009–1022

73. Yoon KS, Kwon DH, Strycharz JP, Hollingsworth CS, Lee SH, Clark JM (2008) Biochemical and molecular analysis of deltamethrin resistance in the
common bed bug (Hemiptera: Cimicidae). J Med Entomol 45:1092–1101

74. Zalucki MP, Furlong MJ (2017) Behavior as a mechanism of insecticide resistance: evaluation of the evidence. Curr Opin Insect Sci 21:19–25

75. Zhu F, Wigginton J, Romero A, Moore A, Ferguson K, Palli R, Potter MF, Haynes KF, Palli SR (2010) Widespread distribution of knockdown resistance
mutations in the bed bug, Cimex lectularius (Hemiptera: Cimicidae), populations in the United States. Arch Insect Biochem Physiol 73:245–257

Figures



Page 10/10

Figure 1

(a) Genotype distribution of kdr-associated mutations from Cimex lectularius sampled across the U.S. Pies represent genotype frequencies within each state
and the number below each indicates the number of populations sampled. (b) Change in genotype frequencies over time of three homozygous genotypes –
wild type, 925, 925&419. Colors correspond to genotypes in Fig. 1a. 2007-2008 data from Zhu et al. (2010), 2014–2015 from Holleman et al. (2018).
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